Human exposure to environmental phenols can be assessed by measuring the urinary concentrations of these compounds or their metabolites. Total concentrations, which include both free and conjugated (i.e., glucuronide and sulfated) species, are usually reported. Because conjugation may reduce the potential bioactivity of the compounds, measuring separately both the concentrations of free and conjugated species can be of interest. Data on the stability of these conjugated species in urine is critical if the concentrations of free and conjugated species are to be compared. Over a period of 6 months, we investigated the stability of the urinary conjugates of eight environmental phenols (bisphenol A, 2-hydroxy-4-metoxybenzophenone or benzophenone-3, triclosan, 2,5-dichlorophenol, methyl paraben, ethyl paraben, propyl paraben, and butyl paraben) at three storage conditions (room temperature, 41C, and À701C). After collection, conjugated species appeared to be stable for at least 7 days when the urine was stored at 41C, and for at least 180 days at À701C. By contrast, some of the environmental phenol conjugates commenced to degrade within 24 h after collection when the urine was stored at room temperature although the total concentrations remained relatively constant for at least 30 days. These results suggest that if the concentrations of free and conjugated species will be used for exposure assessment purposes, urine specimens collected for analysis of environmental phenols should be kept at room temperature for the shortest possible time after collection.
Introduction
The measurement of trace levels of environmental chemicals or their metabolites in biological specimens (i.e., biomonitoring) has become increasingly common for exposure assessment (Pirkle et al., 1995a,b; Borba et al., 1996; Farmer et al., 1996; Brondeau et al., 1999; CDC 2005; Chen et al., 2005; Angerer et al., 2006) . Biomonitoring data suggest that nonoccupational exposures to some environmental chemicals, such as bisphenol A (BPA), 2,5-dichlorophenol (25-DCP), 2-hydroxy-4-methoxybenzophenone (benzophenone-3, BP-3), triclosan, and parabens are widespread (Hill et al., 1995; Calafat et al., 2005; CDC 2005; Ye et al., 2006a,b) . Upon exposure, environmental phenols, like other environmental chemicals with short biological half-lives, are rapidly metabolized and eliminated in urine. Metabolism may include phase II biotransformations that results in the formation of conjugated species (e.g., glucuronides and sulfates).
The urinary concentrations of phenols or their metabolites have been used as biomarkers of exposure to these compounds. Usually, total urinary concentrations, which include both the free and conjugated forms of the compounds, are reported. Conjugation may reduce the potential biologic activity of environmental phenols, such as BPA (Kim et al., 2003) . Therefore, measuring the concentration of conjugated species may be of interest from a toxicologic point of view although data are limited on the toxicokinetics of phase II reactions and on the factors that may affect the timing and extent of conjugation (e.g., route of exposure, coexposures).
Data on the temporal stability of the conjugated forms of phenols in urine are critical. If, however, the concentrations of free and conjugated species are to be compared, these data are very limited. In a recent study, the stability of BPA glucuronide was evaluated in vitro in plasma, tissue homogenates, and diluted urine from laboratory rats (Waechter et al., 2007) . 14 C-BPA (100 mg/kg body weight) was administered to rats by gavage. The stability of 14 C-BPA glucuronide in various matrices and tissues was studied by high-performance liquid chromatography, with radioactivity detection at various pH and temperature conditions. Hydrolysis of 14 C-BPA glucuronide occurred at neutral pH and room temperature in pooled urine diluted with acetonitrile and in rat placental or fetal tissue homogenates. When the urine was diluted with acetonitrile (25:75) at pH 2, 14 C-BPA glucuronide was stable at room temperature for up to 24 h, but it was partially hydrolyzed within 24 h to release 14 C-BPA free (approximately 20% conversion) at 801C (Waechter et al., 2007) .
For biomonitoring studies, following collection, urine specimens typically undergo shipping and handling, followed by short-or long-term storage before analysis. Because the time lapse between collection and analysis could be days, months, or even years, bacterial growth must be controlled to preserve the integrity of the urine specimen. This is usually carried out either by adding preservatives to the urine after sample collection or by storing samples at low temperature (Hoppin et al., 2006) . Because preservatives may potentially interfere with the analyses of the sample, storage of the nonpreserved urine at low temperature is generally preferred. Still, unexpected situations (e.g., delays in shipping, power failures) during storage or handling of urine specimens may expose the urine samples to room temperature for extended periods. These potential scenarios stress the need for data on the temporal stability of the conjugated species in urine at various temperatures.
In the present study, we used online solid-phase extraction coupled with high-performance liquid chromatography isotope-dilution tandem mass spectrometry (online SPE-HPLC-MS/MS) to measure the total (free þ conjugated) and free concentrations of eight environmental phenols: BPA, BP-3, triclosan, 25-DCP, methyl paraben (MePB), ethyl paraben (EtPB), propyl paraben (PrPB), and butyl paraben (BuPB), in human urine stored at different temperatures (room temperature, 41C, and À701C) over a period of 6 months. The temporal stability of the urinary conjugated species of these eight phenols was compared.
Experimental

Urine Collection
The urine samples were collected from a diverse group of 15 US male and female adult volunteers with no documented occupational exposure to environmental phenols. Samples were collected anonymously, so no personal or demographic data were available, and study participants did not sign an informed consent. A waiver of informed consent was requested under 45 CFR 46.116(d) .
Participants collected the samples and placed them in a cooler with ice packs. The samples were then transported to the laboratory in the cooler (time lapsed between collection and transport was no more than 2 h). Upon receipt, each sample was immediately labeled, split into three equal aliquots (5 ml), and dispensed in 10-ml polypropylene vials. The aliquots were stored at three different temperatures: room temperature (set I-Rm), 41C (set II-Rf), and À701C (set III-Fz). The time lapsed between the collection and storage of the sample at one of these temperatures ranged from 3 to 4 h. To obtain the concentrations used as ''day 0'' or initial levels for all three sets of samples, set I samples were analyzed by online SPE-HPLC-MS/MS on the same day as the sample collection.
Methods
The total concentrations of BPA, triclosan, BP-3, 25-DCP, MePB, EtPB, PrPB, and BuPB were measured using an automatic, high throughput online SPE-HPLC-MS/MS method for measuring environmental phenols and parabens in urine (Ye et al., 2005a (Ye et al., , 2006b . Briefly, 100 ml of urine was spiked with 50 ml of internal standard solution, 50 ml of bglucuronidase/sulfatase (Helix pomatia, 463,000 U/g solid) solution in buffer, and 20 ml of 1 ppm 4-methylumbelliferyl glucuronide/4-methylumbelliferyl sulfate/ 13 C 4 -4-methylumbelliferone mixed standard as described before (Ye et al., 2006b ). The 4-methylumbelliferone/ 13 C 4 -4-methylumbelliferone peak area ratio was monitored to evaluate the extent of the deconjugation reaction. Samples were incubated for 4 h at 371C, then acidified with 0.1 M formic acid. The online SPE-HPLC-MS/MS system consisted of an API 4000 triple quadrupole mass spectrometer (Applied Biosystems, Foster City, CA, USA) equipped with an atmospheric pressure chemical ionization interface, and the following Agilent 1100 modules (Agilent Technologies, Wilmington, DE, USA): two binary HPLC pumps, and an autosampler with a 900 ml injection loop, one column compartment with a 10-port switching valve. The procedure for extracting the deconjugated (free) environmental phenols from the urine involved concurrent online SPE-HPLC operation with peak focusing. While the autosampler and one of the HPLC pumps were used for the SPE cleanup of one sample, the 10-port switching valve, the second HPLC pump, and the mass spectrometer were used to collect data from the previous sample. The method limits of detection (LODs) were 0.4 ng/ml (BPA), 2.0 ng/ml (triclosan), 0.3 ng/ml (BP-3), 0.1 ng/ml (25-DCP), 0.1 ng/ml (MePB, EtPB and BuPB), and 0.2 ng/ml (PrPB) (Ye et al., 2005a (Ye et al., , 2006b .
Because standards of the conjugated (glucuronidated and sulfated) environmental phenols were not commercially available, we determined the concentration of the conjugates (C conj ) by subtracting the total concentrations (C total ) from the respective concentrations of free species (C free ) (Ye et al., 2005b) . To measure C free , we assumed that if the analytes were not in their free form, they were conjugated and followed the procedures described above, but omitted the enzymatic hydrolysis treatment. Creatinine was measured using an enzymatic reaction on a Roche Hitachi 912 chemistry analyzer (Roche Hitachi, Basel, Switzerland). To ensure accuracy and precision of the data, quality control (QC) materials were analyzed simultaneously with the samples.
We performed the statistical analyses using the Statistical Analysis System (SAS Institute, Cary, NC, USA) software. For each analyte, we calculated the mean percentage of conjugated species (conjugate %) and standard deviations Environmental phenols in human urine Ye et al. with PROC MEANS. Only samples with total concentration values above the LOD were used for the calculations. Using a paired t-test analysis, we compared paired samples to evaluate differences between the conjugate % at day 0 and at each selected time point. The P-values were obtained from probt in PROC MEANS. Statistical significance was set at Po0.05.
Results and discussion
Set I (Rm) aliquots were analyzed on day 0 (i.e., the day of sample collection), day 1, day 2, day 3, day 4, day 7, day 30, and day 60. Set II (Rf) and Set III (Fz) aliquots were analyzed on day 7, day 30, day 60, day 120, and day 180. During the first 7 days, sets II and III aliquots were analyzed less frequently than set I aliquot; we expected a better stability of the conjugated species at 41C and À701C than at room temperature. The result from day 0 of the set I aliquot was also considered as the baseline for all three sets of samples. The mean creatinine concentration (standard deviation) for the day 0 samples was 70.8 mg/dl (21.3 mg/dl). This value is within the normal concentration range for the general population (Barr et al., 2005) and adequate for biomonitoring purposes according to the World Health Organization (WHO) guidelines (WHO 1996) . Figure 1 shows the mean and standard deviation of the percentages of conjugated species (conjugate %) of the eight phenols, calculated as the ratio of concentrations of conjugated and total (i.e., free þ conjugated) species, at various time points for set I-Rm aliquots. The mean conjugate % of 25-DCP, MePB, EtPB, PrPB, and BuPB appeared to be very similar from day 0 to day 2. By contrast, the conjugate % of BPA was similar on day 0 and day 1, but dropped slightly at day 2, the conjugate % of triclosan seemed to drop (but not significantly) between day 0 and day 1 and decrease further by day 2, and conjugate % of BP-3 remained stable for at least 3 days. Specifically, at room temperature, conjugate % on day 0 was greater than on day 2 for BPA (P ¼ 0.042) and triclosan (P ¼ 0.020); for 25-DCP and the parabens, the differences were not statistically significant (P40.05, Table 1 ). On day 4, conjugate % was significantly lower than on day 0 for all of the analytes (Po0.05, Table 1 ). These data suggest that the urinary conjugates of the parabens and 25-DCP appeared to be stable at room temperature for at least 2 days after urine collection, while the conjugates of BPA and triclosan only appeared to be stable for about 24 h, and BP-3 conjugates appeared to be stable for up to 3 days. At present, the reason(s) for these differences in the stability of these conjugates are unknown. Nevertheless, our data suggest that even when the urine sample is kept at room temperature for up to 24 h after collection, the conjugated species of these eight phenols will not appreciably hydrolyze to the free species. After 3 days of storage at room temperature, most of the conjugated species of the environmental phenols experienced varying degrees of dissociation ( Figure 1 , Table 1 ).
The temporal stability of the conjugates when the urine is refrigerated or frozen is shown in Figure 2 . Although there was more variation in the measurements of BPA and 25-DCP than of the four parabens and BP-3, the urinary conjugates of all analytes appeared to be stable for at least 7 days when stored at 41C, and for up to 180 days when stored at À701C. As an example, the differences in conjugate % on day 0 compared to day 7 for the refrigerated samples and to day 60 for the frozen samples were not statistically significant ( Table 2 ). The higher variability observed for BPA, and 25-DCP from Figure 2 may be due to the relatively low urinary levels of these compounds compared to the other six phenols in the urine samples analyzed for this study (Table 3) .
Unlike the urinary concentrations of conjugated species, the total concentrations remained essentially constant at room temperature for up to at least 30 days (Figure 3) . For the example illustrated in Figure 3 , the total concentration of BPA at day 30 (17.9 ng/ml) and day 0 (17.8 ng/ml) were the same. By contrast, the concentration of free BPA increased from non-detectable (o0.4 ng/ml) on day 0 to 17.1 ng/ml on day 30. These findings suggest that after 30 days of storage at room temperature, almost 100% of the conjugated BPA appeared to degrade to its free species, while the total concentration of BPA remained unchanged. Similar trends for the concentration of the conjugated species for all of the other analytes were observed (as shown in Figure 1 ). These results strongly suggest that using total concentrations is adequate even in situations when the conjugates would have hydrolyzed to the free species. Examples of these situations include shipping urine specimens inappropriately (e.g., without ice), delays during shipping (e.g., weather-related), or other unforeseen circumstances that could result in the urine samples remaining at room temperature for a prolonged period. In these situations, measuring separately the concentrations of conjugated and free species would not be appropriate, given that a fraction of the free species would have resulted from the in situ hydrolysis of the urinary conjugates. Table 1 . Mean and standard deviation (SD) of the percentage of conjugated urinary species (conjugate %) for selected phenols in samples stored at room temperature for up to 1 week after collection. o0.001
The P-values represent the differences in mean conjugate % relative to day 0.
Note: Ethyl paraben and butyl paraben were not included because the frequency of detection of these two analytes was relatively low (53% and 47%, respectively). In addition to temporal stability of the conjugated species, concerns for contamination during sampling, storage, or analysis may exist if the biomarker of exposure is the free phenol. This is particularly important for environmental phenols such as BPA, BP-3, triclosan, and some parabens, which may be present in numerous consumer and household products. The conjugated species, which cannot be formed except through an enzymatic reaction, cannot result from post-collection contamination, and are normally found at higher concentrations than the free species in urine, may be adequate biomarkers for risk assessment to environmental phenols. To ensure the integrity of these urinary conjugates, efforts may be needed to avoid conditions that could result in the dissociation of the conjugates to the free species.
In conclusion, the findings from the present study suggest that, in general, the conjugated species of selected phenols in urine appear to be stable for approximately 24 h at room temperature, and for up to at least 7 days when stored at 41C. When stored at À701C, the urinary conjugates of phenols appear to be stable for at least 6 months. When the urine is stored at room temperature, dissociation of the conjugated species to the free forms could start as early as within 24 h after collection. Although the relative percentage of free species to conjugated species may be valuable for risk assessment purposes, these measurements should not be conducted unless a guarantee exists that the urine was not exposed to room temperature for an extended time before it could be stored at low temperatures. In these cases, only the measurements of the total concentration (free plus conjugated forms) of the environmental phenols are recommended. The P-values represent the differences in mean conjugate % relative to day 0. Note: Ethyl paraben and butyl paraben were not included because the frequency of detection of these two analytes was relatively low (53% and 47%, respectively). The calculation of mean and median concentrations does not include samples with concentrations below the limits of detection (LOD). The LOD are 0.4 ng/ml (BPA), 2.0 ng/ml (triclosan), 0.3 ng/ml (BP-3), 0.1 ng/ ml (25-DCP), 0.1 ng/ml (MePB, EtPB, and BuPB), and 0.2 ng/ml (PrPB). and Education through an interagency agreement between the U.S. Department of Energy and CDC. We thank Silva Manori, James L. Preau, and Ella Samandar for assistance during this research.
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